Perfect light absorption in the visible and near-infrared (NIR) was demonstrated using metamaterials, plasmonic nanostructures, and thin films. Thin film absorbers offer a simple and low-cost design as they can be produced on large areas and without lithography. Light is strongly absorbed in thin film metal-dielectric-metal (MDM) cavities at their resonance frequencies. However, a major drawback of MDM absorbers is their strong resonance iridescence, i.e., angle dependence. Here, we solve the iridescence problem by achieving angle-insensitive narrowband perfect and near-perfect light absorption. In particular, we show analytically that using a high-index dielectric in MDM cavities is sufficient to achieve angle-insensitive cavity resonance. We demonstrate experimentally angle-insensitive perfect and near-perfect absorbers in the NIR and visible regimes up to 60°. By overcoming the iridescence problem, we open the door for practical applications of MDM absorbers at optical frequencies. Structural light absorption offers a broad range of possible applications in photonic and optoelectronic devices. In terms of spectral range, light absorbers can be classified as broadband or narrowband absorbers. Broadband light absorbers are useful for applications that rely on efficient light-to-heat generation such as thermo-photovoltaics, thermal emission, and thermal imaging [1] . Narrowband light absorbers are promising candidates for sensing, optoelectronic devices, narrowband selective thermal emission, and structural coloring which can replace traditional colorant pigmentation used in display technologies [2] . Many approaches to achieve structural light absorption require intensive lithography and nanofabrication [3, 4] or using plasmonic metasurfaces [5] [6] [7] . For more practical applications, a large-area, lithographically free structural absorber is highly desired. To that end, several works demonstrated broadband absorption using double-layer lossy dielectric-metal films [8] and broad and narrowband absorption using metal-dielectric-metal (MDM) triple layer films [1, 9] . The MDM film acts as a subwavelength Fabry-Perot (FP) cavity that resonates with incident light at a given wavelength and angle. While the E field is highly confined inside the dielectric layer due to constructive interference between the incoming and reflected waves, the power is mostly dissipated inside the metallic films [9] .
Structural light absorption offers a broad range of possible applications in photonic and optoelectronic devices. In terms of spectral range, light absorbers can be classified as broadband or narrowband absorbers. Broadband light absorbers are useful for applications that rely on efficient light-to-heat generation such as thermo-photovoltaics, thermal emission, and thermal imaging [1] . Narrowband light absorbers are promising candidates for sensing, optoelectronic devices, narrowband selective thermal emission, and structural coloring which can replace traditional colorant pigmentation used in display technologies [2] . Many approaches to achieve structural light absorption require intensive lithography and nanofabrication [3, 4] or using plasmonic metasurfaces [5] [6] [7] . For more practical applications, a large-area, lithographically free structural absorber is highly desired. To that end, several works demonstrated broadband absorption using double-layer lossy dielectric-metal films [8] and broad and narrowband absorption using metal-dielectric-metal (MDM) triple layer films [1, 9] . The MDM film acts as a subwavelength Fabry-Perot (FP) cavity that resonates with incident light at a given wavelength and angle. While the E field is highly confined inside the dielectric layer due to constructive interference between the incoming and reflected waves, the power is mostly dissipated inside the metallic films [9] .
Broadband absorbers are largely insensitive to the incident angle due to their broadband nature which results in a slight change in the absorption intensity at a given wavelength as a function of angle [1] . For narrowband absorbers, however, the angle dependence can be detrimental for practical applications, especially for structural coloring as their color would change significantly [9] .
Omnidirectional absorption in MDM cavities was previously proposed, but the proposed system can only operate for a specific cavity thickness and at the surface plasmon frequency of the metal-dielectric interface [10] . Furthermore, the absorption intensity is reduced drastically for larger angles, which would result in effective color angle dependence. In addition, light absorbers based on ultrathin lossy dielectric-metal films cannot produce narrowband absorption due to the high losses in the dielectric film [8] . Depositing an additional metal layer on top of the lossy dielectric can narrow the resonance due to the added interference from the metallic superstrate. However, this is only possible by lowering the losses of the system, e.g., using silicon instead of germanium, and/or the metal used, e.g., using silver instead of gold. Accordingly, such structures are constrained to materials exhibiting strong losses within a given wavelength range, which offers a possible, but limited, solution [11] . Moreover, even after optimizing these structures, the absorption band is of low quality factor (Q λ∕Δλ ≤ 8), and it does not exhibit perfect absorption because the system is not sufficiently lossy.
In order to realize perfect light absorption, light should be critically coupled to the absorber [12, 13] . Critical light coupling takes place when the absorption rate equals the sum of the reflection, transmission, and scattering rates. For an FP cavity, the transmission is blocked by using an opaque bottom metal layer, while scattering is neglected, assuming the thin films are smooth. At resonance, reflection is suppressed due to destructive interference. Conversely, absorption takes place due to losses in the metallic mirrors upon multiple reflections inside the cavity. By optimizing the thickness of the top metal, it is possible to control the finesse and broadness of such critical coupling [9] .
In this Letter, we analytically, numerically, and experimentally demonstrate wide-angle range and narrowband perfect absorption in the near-infrared (NIR) and visible regimes in an MDM structure. We show that choosing a dielectric with a high refractive index allows for a wider acceptance angle range, yielding a color preserving structure. It is worth noting that using high-index dielectrics to attenuate iridescence in cavity absorbers was numerically studied in [14] . In addition, Liu et al. [15] explained the origin of angle insensitivity in lossy dielectric-metal absorbers based on the high index of refraction for the lossy dielectric used in [8] .
To rationalize the design of our system, we first carried out a theoretical analysis of incident angle sensitivity for the reflectance minimum in an MDM thin film structure. The system consists of a top metal layer of thickness t m , a middle dielectric layer of thickness of t d , and a bottom metal layer whose thickness is sufficiently large (≫ the skin depth) that it can be considered a semi-infinite substrate. The metal layers have identical composition, with a refractive index n m and extinction coefficient k m , while the dielectric is described by a refractive index n d (the extinction coefficient of the dielectric is assumed negligible in the spectral range of interest). All these quantities are functions of the incident wavelength λ.
For a particular choice of refractive indices and layer thicknesses, we can use the standard transfer matrix approach to numerically solve for the reflectance Rθ; λ a function of λ and the incident angle θ [16] [17] [18] . The numerical results for the wavelength λ min θ, where R has a minimum in the NIR regime, are plotted in Fig. 1 (a) as dots over a range of θ, for both p-and s-polarized light. Two different systems are illustrated, Ag-MMA-Ag and Ag-Ge-Ag, to show the dramatic contrast between low-index (n MMA ∼ 1.5) and highindex (n Ge ∼ 4.2) dielectrics used for the middle layer. The bottom Ag layer is assumed to be infinite. The top Ag layer is 22 and 13 nm for the MMA and Ge cavities, respectively. The MMA layer is 560 nm thick, and the Ge layer is 130 nm thick. Clearly, the Ag-MMA-Ag exhibits a much stronger variation λ min with θ than Ag-Ge-Ag. This can be quantitatively seen in Fig. 1(b) , which plots jλ −1 min d λ min ∕d θj; the fractional change in λ min per shift in θ. This quantity is strongly suppressed in the Ge system relative to the MMA one.
To understand the origins of how n d controls the angular sensitivity of λ min , we derive an approximate analytical equation whose solution is λ min . To do this, we note that in the transfer matrix approach is the squared amplitude of a complex rational function, Rθ; λ jN R θ; λ N I θ; λ∕D R θ; λ D I θ; λj 2 , with N R , N I being the real/imaginary parts of the numerator, and analogously for the denominator terms D R , D I . When sec θ ∼ O1, i.e., for smaller incident angles θ ∼ 60°, the minimum in Rθ; λ as a function of λ coincides with an excellent degree of approximation to the point at which N I θ; λ 0. The latter equation has a much simpler analytical form than the condition for the minimum in R, and can be further simplified by assuming k m ≫ n m and k m ≫ sin θ, which are valid for Ag in the NIR wavelength range (1300-1800 nm) we are exploring. The end result is an analytical transcendental equation, whose solution for λ at a given θ gives λ min θ:
where
q . In the terms with 1 power, the 1 choice corresponds to p-polarization, while the −1 choice corresponds to s-polarization. In the perfect conductor limit, (1) can be seen as a generalization of this mode equation, accounting for the finite values of k m and t m , which lead to different mode locations for the two polarizations. The solution λ min θ calculated numerically from Eq. (1) is drawn as a solid line in Fig. 1(a) , with the corresponding fractional change per angle in Fig. 1(b) . The results have close agreement with the exact transfer matrix approach up to θ ≈ 60°, where the sec θ ∼ O1 assumption underlying the theory begins to break down. Despite this limitation, the theory provides an accurate representation of most of the angular range covered in our experiments, as we will show later.
Note that α d is the only term in Eq. (1) that depends directly on the incident angle θ. Though the transcendental equation cannot be solved analytically for λ min θ, its structure tells us an important fact. We can use Eq. (1) to derive an implicit differential equation λ min θ:
Here H is a complicated dimensionless function involving the system parameters, but it only depends on θ through λ min θ and α d θ. It is of the order ∼O1 in our spectral and angular ranges. Thus, the main contributions to setting the magnitude of the fractional change in λ min θ are the terms at the end:
As n d increases to values ≫1, the above expression decreases as n −2 d did. This rapid decrease with the dielectric refractive index is why high-index materials such as Ge show such little fractional change in λ min θ. We see the n −2 d scaling directly in Fig. 1(c) , which plots jλ angular dependence of the fractional change in min in MDM cavities is analogous to that for an all-dielectric cavity [19] which is an interesting analogue that reflects the universality of Eq. (3).
For the design of the NIR perfect absorber, we used an Ag (13.5 nm)-Ge (130 nm)-Ag (70 nm) cavity. Ag was deposited using thermal evaporation, and Ge was deposited using e-beam evaporation. Using a highly reflective metal is essential for narrowband absorption. Individual thin film thicknesses and refractive indices are obtained via spectroscopic ellipsometry (J. A. Woollam, V-Vase). Absorption is considered complementary to reflection in this system since scattering in thin films is negligible and the measured transmission is. Note that the transmission is suppressed in the NIR even for a relatively thin Ag bottom layer since Ag behaves as a nearly perfect electric conductor in the NIR. In order to realize perfect light absorption, our calculations indicated that the Ag top layer should be in the order of 10 nm. Having a very thin Ag film (<20 nm) can be problematic as thin Ag films tend to be irregular and form islands. An irregular Ag film may cause unwanted scattering which can prevent the desired critical light coupling. This is another advantage for using Ge as a dielectric for the NIR absorber. Very thin Ag films deposited on top of Ge are homogeneous and avoid clustering which further increases light absorption due to reduced surface roughness light scattering [10] . For p-polarized light, we achieved perfect light absorption (≈99.8%) at 1576 close to the telecommunication wavelength, with a Q-factor of 8 for 65°incidence angle. Figure 2(a) shows the reflectivity spectrum for the Ag-Ge-Ag cavity from 15°-75°. The absorption minimum remains almost unmodified as a function of the incident angle, while the absorption intensity slightly decreases at smaller angles. For comparison, we fabricated an MDM cavity with low n d dielectric MMA (8.5MMAEL 11, MICROCHEM). The MMA layer was spin-coated at 4000 rpm. Figure 2(b) shows the reflectivity spectrum for an Ag (22 nm)-MMA (560 nm)-Ag (70 nm) cavity. The first-order mode (m 1) of such a cavity coincides spectrally with the Ag-Ge-Ag cavity mode at 45°. We observe considerable spectral shift in the MMA cavity mode for small angular changes. Furthermore, the reflection minimum for the MMA cavity shifts by ≈280 nm for the given angle range compared to only ≈48 nm shift for the Ge cavity, and this is corroborated by the excellent agreement between the experimental and calculated reflectivity data [Figs. 2(c) and 2(d)] [12] [13] [14] . The absorption mode of the Ag-MMA-Ag cavity, however, is narrower than that of the Ag-Ge-Ag cavity. This is due to the persistence of non-zero losses for Ge in the NIR which is translated to line broadening of the cavity resonance.
Using germanium as a narrowband absorber in the visible is not possible because it is highly absorbing due to direct electronic transitions at high photon energies [3] . Accordingly, we used titanium dioxide (TiO 2 ) which has relatively high n 0 in the visible n 0 ≈ 2.2 and low losses. We fabricated an Ag30 nm-TiO 2 (117 nm)-Ag(100 nm). TiO 2 was deposited using e-beam evaporation. The measured and calculated reflectance spectrum for p-polarized light in the visible range from 360 to 750 nm and 15-75 deg is shown in Figs. 3(a)  and 3(b) , respectively. For the given cavity thickness, we obtained two near-perfect absorption modes (m 1 and 2) reaching ∼94% and 96% absorption and Q-factors of ≈20 and ≈19, respectively, for a 15°incidence angle. Clearly, the modes are highly insensitive to the angle of incidence (see Fig. 3 ). The shifts in the reflectance minima for m 1 and two modes are ≈33 nm and 18 nm, respectively. The difference between the theory and experiment in the near UV region is due to the use of the Drude model in the theoretical description of the Ag layers. Since this model ignores inter-band transitions, it is known to be a less-than-perfect approximation in the near UV regime where these transitions become relevant.
For applications related to structural coloring, it is important to minimize iridescence for unpolarized light. In our system, the angle insensitivity persists, even for s-polarization. Thus, we have achieved angle-insensitive colors for unpolarized light, representing a relevant technological advantage for many optical applications. To demonstrate the validity of our approach, optical images [Figs. 3(c)-3(e)] were taken for two different Ag20 nm-TiO 2 -Ag100 nm films with 90 (green) and 60 nm (pink) thick TiO 2 layer at three angles showing no color change. Optical images for low n d dielectric cavity (SiO 2 ) are presented in the supporting information of Ref. [4] showing different colors at different angles of incidence.
In summary, we demonstrated angle-insensitive narrowband perfect and near-perfect light absorption in the NIR and visible using FP cavities with high-index dielectrics. This Letter provides a practical solution to a major drawback of ultrathin film narrowband absorbers. Here, we relied on critical coupling effects to design and fabricate MDM thin films, which are a low-cost design for perfect absorbers as they can be produced lithographically free on large areas [20] . We demonstrated the angle insensitivity analytically and showed that the fractional change in λ min of minimum reflection as a function of θ scales inversely with the square of the refractive index. In addition, we have fabricated and characterized iridescence-free MDM materials exhibiting narrowband light absorption using an Ag-Ge-Ag cavity in the NIR, and an Ag-TiO 2 -Ag cavity in the visible. Our system can be used directly in applications related to structural coloring and EM shielding and can act as a reference for designing angle-insensitive light absorbers. In particular, using a high-index dielectric as an overlay on top of any given light absorber should significantly attenuate the absorber angle dependence. 
